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Abstract 

We  present  a  novel  polymer  based  wafer  level  fabrication  process  for  micro  thermoelectric  generators  (pTEGs)  for  the  application  on  non- 
planar  surfaces.  The  generators  are  fabricated  by  subsequent  electrochemical  deposition  (ECD)  of  Cu  and  Ni  in  a  190-pm  thick  flexible  polymer 
mold  formed  by  photolithographic  (PL)  patterning  of  SU-8.  First  generators  were  tested  and  characterized.  The  TEG  generated  a  power  of 
12.0  =b  1.1  nW/cm2  for  a  AT  of  0.12  K  at  the  pTEG  interface,  which  is  equivalent  to  a  thermoelectric  efficiency  factor  of  0.83  pWK-2  cm-2. 
The  experimental  data  is  in  good  accordance  with  a  model  introduced  for  the  optimization  of  vertical  micro  thermoelectric  generators.  It  allows 
calculation  of  the  optimal  geometric  design  parameters  for  any  given  material  and  thermal  interfaces.  The  analysis  reveals  that  the  thermocouple 
length  should  be  in  the  range  of  80-150  pm  when  the  best  thermoelectric  bulk  material  (BiTe)  is  used  and  realistic  interface  condition  are  assumed. 
©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Despite  all  advances  in  the  miniaturization  of  microsystems 
most  of  these  systems  still  depend  on  a  central  power  source 
or  bulky  batteries  with  limited  lifetime.  Growing  fields  like 
autonomous  microsystems  or  wearable  electronics  urgently  look 
for  microscale  power  generators.  One  possible  solution  is  to 
convert  waste  heat  into  electrical  power  with  a  thermoelectric 
generator.  A  generator  driving  a  wrist  watch  using  a  persons 
body  heat  has  been  introduced  as  a  first  commercial  application 
[1].  Several  other  approaches  to  build  TEG  by  micromachining 
have  been  presented. 

The  standard  thin  film  based  michromaching  technology  con¬ 
strains  the  design  of  such  pTEGs.  Because  of  their  limited 
thickness  thin  film  deposited  materials  have  to  be  laid  out  rather 
lateral  than  vertical  inducing  thermal  losses  through  the  sup¬ 
porting  material  and  limiting  the  integration  density.  Placing  the 
thermocouples  onto  a  thin  membrane  [2]  reduces  the  losses  but 
does  not  allow  for  thermally  contacting  the  cold  and  hot  side 
via  the  top  and  bottom  surface  of  the  thin  device.  This  might 
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be  achieved  by  either  assembly  techniques  [3,4]  which  adds  to 
the  cost  or  through  the  integration  of  micro  cavities  underneath 
the  thermocouples  [5].  However  losses  can  not  be  completely 
avoided,  the  devices  inhibit  a  relatively  high  electrical  resis¬ 
tance  due  to  the  small  cross  sectional  area  of  the  thermocouples 
and  for  optimization  numerical  modeling  is  required.  Recently 
pTEGs  with  a  vertical  set  up  have  been  presented  [6,7].  Both 
generators  demonstrate  the  use  of  BiTe  as  active  material,  which 
is  known  to  be  the  best  thermoelectric  material  for  application 
around  room  temperature.  Thermocouples  with  leg  length  of 
20  pm  have  been  deposited  by  means  of  electrochemical  depo¬ 
sition  [6]  and  sputtering  [7].  These  generators  internal  thermal 
resistances  are  mainly  restricted  through  the  limited  thermo¬ 
couple  length.  Therefore  just  a  small  fraction  of  the  provided 
temperature  difference  drops  across  the  thermocouple  junctions 
even  if  the  thermal  contact  resistances  are  minimized.  In  order 
to  operate  these  generators  in  their  optimum  power  output  range 
they  would  have  to  be  fabricated  with  longer  thermocouples. 

We  introduce  a  general  model  to  optimize  vertical  TEGs  for 
material,  design  and  interface  parameters.  We  also  present  a 
new  truly  low  cost  wafer  level  process  to  fabricate  pTEGs  by 
subsequent  ECD  of  two  different  materials  in  a  190- pm  thick 
polymer  mold  formed  by  PL-patteming  of  the  negative  resist  SU- 
8.  The  mold  serves  as  matrix  for  the  final  device,  which  therefore 
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is  flexible.  Flexibility  is  important  to  enable  the  application  of 
these  jxTEGs  on  non-planar  surfaces. 

2.  Modeling 

Modeling  allows  the  optimization  of  a  TEGs  design.  Rowe 
and  co-workers  [8]  showed  that  for  low  temperature  waste  heat 
applications  the  design  may  be  optimized  for  maximum  power 
rather  than  for  coefficient  of  performance  as  it  is  done  for  ther¬ 
moelectric  cooling  devices.  The  model  presented  is  based  on 
the  one  proposed  by  Strasser  et  al.  [5].  A  more  general  approach 
is  chosen  and  refinements  such  as  consideration  of  area  related 
electrical  and  thermal  contact  resistances  are  added.  The  influ¬ 
ences  of  the  design  parameters  on  the  generator  performance  are 
discussed  by  means  of  a  first  level  compact  analytical  model. 
A  general  compact  model  for  the  actual  design  optimization  is 
introduced  afterwards. 


conventional 
thermal  TEG 

equiv.  circuit  j  -p 


AT 


micro 

TEG 


AT 


2.7.  First  level  compact  model  of  vertical  TEG 


atg~  at 


ATg  «  AT 


The  open  circuit  voltage  generated  by  a  thermoelectric  gen¬ 
erator  is  proportional  to  the  number  of  thermocouples  m,  the 
relative  Seeback  coefficient  of  the  used  thermocouple  materials 
a  and  the  temperature  difference  between  cold  and  hot  junctions 
ATg: 


U0  =  met  ATg 


(1) 


The  maximum  output  power  P0  is  achieved  under  matched 
load  condition,  i.e.  the  load  resistance  connected  to  the  generator 
7?l  equals  the  internal  electrical  resistance  of  the  generator  Rq  \ 


P0  =  UI  = 


4  Rq 


m2a2 

4 R^ 


AT2 


(2) 


where  U  is  the  output  voltage  under  load  and  I  is  the  electrical 
current.  Assuming  that  the  generator  is  connected  to  a  hot  and 
a  cold  reservoir  via  the  thermal  contact  resistances  Kq  and  Ku, 
respectively  as  seen  in  Fig.  1.  The  temperature  drop  across  the 
generator  ATq  may  then  be  expressed  as 


A7b  = 


Kg 

Kg  +  KC  +  KU 


AT 


(3) 


where  Kg  is  the  generators  internal  thermal  resistance  and  AT 
is  the  temperature  difference  between  hot  and  cold  reservoir. 

Fig.  1  depicts  the  typical  qualitative  temperature  profile 
across  a  TEG  with  its  thermal  contact  resistances  for  the  two 
cases  of  a  conventional  macroscopic  TEG  and  a  jxTEG.  Accord¬ 
ing  to  Eq.  (2)  preferably  a  big  portion  of  the  temperature  dif¬ 
ference  provided  by  the  ambient  AT  should  drop  across  the 
generator’s  top  and  bottom  contacts.  This  condition  is  fulfilled 
in  the  case  of  the  conventional  TEG  where  the  thermal  resis¬ 
tance  of  the  actual  generator  Kg  is  big  compared  to  the  interface 
resistances  Kq  and  Ku. 

On  the  other  hand  due  to  fabrication  constrains  a  [xTEG  is 
usually  a  thin  device  with  a  low  thermal  resistance  in  comparison 
to  the  contact  resistances  even  if  those  are  minimal.  Increasing 
the  generators  internal  resistance  and  minimize  the  contact  resis¬ 
tance  is  crucial  for  p,TEG  development.  To  allow  optimization  of 


Fig.  1.  Thermal  equivalent  circuit  of  first  level  model  of  TEG  and  variation  of 
the  temperature  difference  across  conventional  TEG  and  [xTEG. 


julTEGs  the  thermal  examination  will  be  refined  and  the  electrical 
resistance  of  the  generator  will  be  considered  in  the  following. 

Neglecting  the  effect  of  any  insulating  material  between  the 
single  thermolegs  Kq  may  be  expressed  as  follows: 


2mXmA{) 

where  according  to  Fig.  2 1  is  the  length  of  the  thermocouple,  Xm 
the  mean  thermal  conductivity  of  the  two  thermocouple  materi¬ 
als  and  Ao  is  the  cross-section  area  of  one  thermoleg  assuming 
that  both  thermolegs  do  not  vary  in  length  and  area.  The  thermal 
contact  resistances  to  the  interfaces  are 


(5) 


Fig.  2.  Thermocouple  build  of  two  thermolegs  with  surrounding  insulation  mate¬ 
rial. 
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where  kc  and  ku  are  the  areal  thermal  contact  resistances  to  the 
cold  and  hot  side  and  Aq  is  the  generator  surface  area.  Inserting 
Eqs.  (4)  and  (5)  in  Eq.  (3)  and  substituting  Aq  according  to  Fig.  2 
with  2m(Ao  +  A[)  the  temperature  difference  across  the  generator 
can  be  expressed  as 


A  7b 


/(I  +  Ay) 

/(I  +  Ay)  +  km(kc  +  ku) 


AT 


(6) 


where  Ay  =A{/Ao  is  the  ratio  of  insulating  to  active  area.  The 
generators  internal  electrical  resistance  may  be  approximated 
by 


*G  = 


2/72  PxrJ' 

Ao 


(7) 


where  pm  is  the  mean  electrical  resistivity  of  a  thermocouple.  In 
order  to  compare  the  performance  of  different  TEGs  the  output 
power  of  the  device  should  be  normalized  to  its  surface  area  and 
the  temperature  difference  provided  to  the  generator.  Hence  the 
figure  0  will  be  called  efficiency  factor.  The  relation  for  0  yields 
from  Eqs.  (6),  (7)  and  (2): 


Po  _  J_cf_ _ 1(1  +  Ay) _ 

AqAT2  16  pm  (1(1  +  Ay)  +  ^m(^C  “I"  &h))^ 


(8) 


It  can  be  stated  that  the  power  per  area  depends  from  three  sets 
of  parameters.  The  material  parameters  of  the  thermocouples  a , 
pm,  and  A.m,  the  geometric  design  parameters  l  and  Ay  and  the 
thermal  interface  related  parameters  kc  and  k\\.  The  material  and 
thermal  interface  parameters  have  a  large  influence  on  the  gener¬ 
ator  performance  but  the  following  examination  will  focus  on  the 
design  parameters,  which  allow  tune  the  generator  to  optimum 
performance  for  any  given  material  and  interfaces.  According 
to  Eq.  (8)  the  number  of  thermocouples  and  the  cross  section 
area  of  the  thermolegs  do  not  influence  the  generated  power  per 
area.  Yet  the  voltage  specification  of  a  potential  application  will 
determine  the  necessary  number  of  thermocouples  to  be  inte¬ 
grated  on  a  certain  area  since  according  to  Eq.  (1)  the  number 
of  thermocouples  connected  in  series  defines  the  voltage  output. 
Fig.  3  shows  a  plot  of  the  efficiency  factor  over  the  thermocou¬ 
ple  length.  With  increasing  l  the  power  is  initially  increasing 
until  it  reaches  a  maximum  value  and  then  decreases.  For  small 


Fig.  3.  Thermoelectric  efficiency  factor  over  thermocouple  length  calculated 
with  first  level  compact  model. 
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Fig.  4.  Thermal  equivalent  circuit  of  general  model  of  [xTEG. 


/  the  increasing  length  mainly  causes  an  increase  of  the  ratio 
A 7b/ AT  (compare  with  Eq.  (6)).  When  Kq  is  in  the  range  of 
Kq  and  Ku  the  negative  influence  of  the  length  on  the  internal 
electric  resistance  becomes  dominant  and  the  power  shows  a  one 
over  /  behaviour.  As  a  result  the  thermocouple  length  should  be 
chosen  such  as  maximum  power  is  obtained.  Solving  the  equa¬ 
tion  (30 /d l  =  0)  for  l  yields  the  optimum  length  /opt: 


j  _  (kc  +  &h) 
°pl "  (l  +  Av) 


(9) 


Consequently  the  optimal  length  is  independent  of  the  See- 
back  coefficient  and  the  electrical  resistivty  of  the  thermocouple 
materials. 


2.2.  General  compact  model  of  vertical  TEG 

For  the  actual  optimization  a  general  compact  model  is 
applied.  According  to  Fig.  4  the  model  includes  Joule  heating 
and  Peltier  cooling  upon  flow  of  an  electrical  current  within  the 
generator.  In  addition  the  model  considers  arbitrary  insulation 
material  between  the  thermocouples  and  the  electrical  contact 
resistance  Rc  between  thermolegs  and  interconnects.  The  later  is 
assumed  to  be  inversely  proportional  to  the  cross  sectional  area 
Ao  of  the  thermoleg.  The  Kirchhoff  equations,  which  can  be  set 
up  from  the  thermal  equivalent  circuit,  yield  to  a  cubic  equation 
which  can  be  analytically  solved  as  described  in  [5].  In  Fig.  5 
the  first  level  and  the  general  compact  model  are  compared.  As 
expected  the  maximum  power  Pm3LX  calculated  by  the  general 
model  is  smaller  and  the  optimal  length  is  shifted  up  because 
the  above  mentioned  supplements  mean  additional  losses.  The 
first  level  model  yields  a  first  approximation  for  /opt  and  Pmax 
but  obviously  for  optimization  and  power  estimation  the  general 
model  should  be  applied. 

Analysis  of  the  dependence  of  the  output  power  and  optimal 
leg  length  from  the  design  parameters  is  performed  to  determine 
the  fabrication  process  requirements  (see  Figs.  6  and  7).  The 
results  are  summarized  in  Table  1 .  Fig.  6  indicates  that  the  regime 
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Fig.  5.  Comparison  of  output  power  over  thermocouple  length  for  first  level  and 
general  model. 


Fig.  6.  Output  power  per  area  over  thermocouple  length  for  variations  of  thermal 
contact  resistances  Kq  and  K\\.  Regimes  of  conventional  and  micro  fabrications 
of  thermoelectric  generators. 


Fig.  7.  Output  power  per  area  over  thermocouple  length  for  variations  of  Ay. 


Table  1 

Overview  of  parameters  influences  on  the  maximum  power  output  and  the  opti¬ 
mal  thermocouple  length 


Anax 

^opt 

t 

Av  t 

{ 

Rc\ 

i 

around  the  maximum  performance  of  the  TEG  is  technologically 
not  yet  mastered  [9] .  Hence  a  fabrication  technology  for  ideal 
TEG  with  thermoleg  length  from  100  to  200  fxm  would  allow 
to  outperform  today’s  solutions  if  BiTe  is  used  as  thermocouple 
material. 

3.  Fabrication 

Fig.  8  illustrates  the  fabrication  process  flow.  The  process 
involves  four  photolithography  steps  and  four  electrochemical 
deposition  steps.  A  4  in.  Si  wafer  serves  as  support  for  the  first 
process  steps  and  may  later  be  reused.  Fig.  8a  shows  the  first 
photolithography  step,  which  is  performed  after  the  deposition 
of  a  300  nm  Cu-layer  on  top  of  a  4  pan  thick  polymeric  LOR  sac¬ 
rificial  layer  (MicroChem  LOR  30B)  that  was  spun  onto  the  Si 
wafer.  A  positive  resist  (Shipley  S  1813)  serves  as  etch  mask  for 
the  Cu-etch  with  a  sodium  persulfate  solution.  The  so  defined  Cu 
electrodes  serve  as  seed  layer  for  the  ECD  of  the  thermoelectric 
materials.  The  two  electrodes  can  then  be  connected  individu¬ 
ally  at  the  wafer  edge  through  a  customized  electroplating  chuck 
with  two  separate  electrodes.  Fig.  8b  shows  the  patterning  of  a 
190-p,m  thick  layer  of  SU-8-50.  Etch  holes  and  openings  for 
ECD  are  aligned  to  the  underlying  electrodes.  Stress  in  the  SU- 
8  layer  is  minimized  by  ramping  both  the  prebake  and  the  post 
exposure  bake  temperature  from  50  to  100  °C  and  from  60  to 
95  °C  respectively  with  a  rate  of  3-4°C/min  [10].  Developing 
results  could  be  improved  with  ultrasonic  agitation.  The  first 
ECD  step  is  illustrated  in  Fig.  8c.  Atop  of  the  connected  elec¬ 
trode  the  copper  thermolegs  are  grown  with  current  controlled 
cathodic  electrochemical  deposition  (FIBRoplate  IKO  plating 
system)  in  a  copper  sulphate  electrolyte.  The  other  electrode  is 
connected  to  the  cathode  potential  via  a  5  kQ  resistor  prevent¬ 
ing  its  dissolution.  A  deposition  rate  of  20  p,m/h  is  achieved. 
In  the  next  step  the  Ni-thermolegs  are  deposited  as  shown  in 
Fig.  8d.  The  nickel  plating  is  carried  out  with  voltage  controlled 
deposition  in  a  nickel  sulfamate  bath  at  40  °C.  The  pH  value 
of  the  bath  is  kept  between  3.5  and  4.1.  The  deposition  rate 
is  40  [xm/h.  For  both  ECD  steps  square  wave  current  pulses 
of  10-20  ms  are  applied  to  achieve  good  results  in  high  aspect 
ratio  holes.  Any  residual  unevenness  resulting  from  overgrown 
metal  is  removed  in  a  polish  step.  Fig.  9  shows  an  array  of  Cu 
and  Ni  columns  that  were  electrochemically  deposited  into  a 
SU-8  matrix  and  subsequently  polished  on  a  polishing  machine 
(Streuers  Abrapohl  2)  with  silicon  carbide  paper.  One  can  see 
small  scratches  caused  by  the  abrasive  particles.  Next  a  20  p,m 
Cu-layer  is  electrochemically  deposited  and  then  patterned  via 
Cu-etching  giving  a  low-ohmic  and  mechanically  robust  con¬ 
nection  between  the  Cu-  and  Ni-thermolegs  (Fig.  8e).  The  SEM 
image  in  Fig.  10  shows  a  cut  through  a  Ni-Cu  thermocouple 
with  a  thick  Cu  interconnect.  Because  the  thermocouples  need 
to  be  connected  in  series  the  electrodes  patterned  in  Fig.  8a  have 
to  be  replaced  by  another  set  of  interconnects.  For  that  the  SU-8 
layer  with  the  embedded  thermolegs  needs  to  be  released.  This 
is  done  by  removing  the  LOR  with  Shipley  MF319  developer 
(Fig.  8f).  The  LOR  is  accessed  via  the  etch  holes.  After  flipping 
the  SU-8  disk  the  plating  electrodes  become  visible.  For  further 
processing  the  released  SU-8  disk  is  bonded  to  the  final  package 
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(C) 


Cu  thermoleg 


top  Cu  interconnect 


lower  packaging 
layer 

generator  terminals 

Fig.  8.  Fabrication  process  for  flexible  jxTEG.  (a)  Patterning  of  seed  layer  electrodes;  (b)  structuring  of  SU-8  mold;  (c)  selective  ECD  of  Cu-thermolegs;  (d)  ECD 
of  Ni-thermolegs;  (e)  the  bottom  interconnects  between  the  different  thermolegs  are  etched  into  a  20-|jim  thick  electroplated  Cu-layer;  (f)  release  of  SU-8  layer  by 
removing  the  sacrificial  layer.  Flipping  the  SU-8  disk  gives  access  to  the  plating  electrodes;  (g)  patterning  of  top  interconnects  and  bond  pads.  The  SU-8  device  layer 
is  bonded  onto  a  lower  packaging  layer.  The  device  is  completed  after  top  interconnects  are  defined  by  etching  a  20-|jim  thick  electrochemically  deposited  Cu-layer. 
In  this  etching  step  the  thin  plating  electrodes  are  removed  as  well. 
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Fig.  9.  Array  of  Cu-  and  Ni-thermolegs  in  a  SU-8  mold  after  polishing. 


100pm  EHT  =  20  00  kV  Signal  A  a  SE2  Date  30  Aug  2005 

Mag  =  300  X  I - - - 1  WD  -  4  mm  Photo  No.  ■*  5835  Time  :1 5:03:55 


Fig.  10.  SEM  image  of  a  cut  through  a  Ni-Cu  thermocouple  connected  by  a 
15  |xm  thick  Cu  interconnect  on  the  top  side  shows  void  free  electrochemical 
deposition. 


layer  with  thermal  glue  or  if  an  unpackaged  device  is  preferred 
to  a  support  wafer  by  means  of  a  photo  resist.  Finally  the  device 
is  finished  by  patterning  the  top  interconnects  by  etching  a  20- 
p,m  thick  electrochemically  deposited  Cu-layer  (Fig.  8 g).  In  this 
etching  step  the  thin  plating  electrodes  are  removed  as  well.  First 
devices  have  been  fabricated  with  this  process.  A  jxTEG  with  90 
Ni-Cu  thermocouples  on  an  area  of  7  mm  x  7  mm  is  depicted 
in  Fig.  11.  In  this  case  the  device  has  no  additional  packaging 
layer.  The  meander  shape  serial  connection  of  the  thermocouples 
is  visible  through  the  transparent  SU-8. 

4.  Material  properties 

To  verify  the  model  by  experiment  the  material  properties 
need  to  be  determined  independently.  Of  the  materials  used  for 
the  generator  the  metals  Cu  and  Ni  are  well  characterized  so 
the  experimentally  determined  material  properties  can  easily  be 
compared  and  controlled  with  literature  values.  In  contrast  for 
SU-8  many  properties  have  not  been  investigated  thoroughly.  In 
a  first  experiment  the  thermal  conductivity  of  SU-8  was  exam¬ 
ined  in  a  measurement  setup  where  20  mm  x  20  mm  test  samples 
with  a  layer  of  SU-8  deposited  on  top  of  a  silicon  substrate  are 
mounted  between  a  temperature  controlled  cooler  and  a  micro- 
machined  heater  chip  with  integrated  temperature  sensors.  The 
thermal  resistance  of  the  sample  is  determined  by  measuring 
the  power  supplied  to  the  heater  and  the  temperatures  measured 
on  the  hot  side  of  the  sample  after  reaching  equilibrium.  All 
parasitic  thermal  resistances  from  the  setup,  the  thermal  contact 
grease  and  the  substrate  are  eliminated  by  measuring  samples  of 
different  thicknesses.  The  measurement  yielded  a  thermal  con¬ 
ductivity  of  0.208  zb  0.035  W m-1  K-1  for  SU-8.  According  to 
the  model  the  loss  introduced  by  thermal  conduction  through  the 
SU-8  for  the  presented  demonstrator  is  0.9%.  Because  of  their 
limited  thickness  ijlTEGs  are  very  sensitive  to  the  quality  of 
the  thermal  contacts  to  hot  and  cold  side.  The  optimal  length  of 
the  thermocouples  varies  significantly  depending  on  the  thermal 
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Fig.  11.  Light  microscopic  images  of  thermoelectric  generator  device,  (a)  Complete  device  with  90  Cu-Ni  thermocouples  in  a  meander  shape  serial  connection 
accordingly  to  Fig.  8g.  Ninety-nine  etch  holes  are  collocated  across  the  device,  (b)  Detailed  cut  out  view.  Bright  Cu  top  interconnect  and  the  darker  trough  shining 
bottom  interconnects  electrically  connect  all  thermolegs  in  series.  The  diameter  of  the  thermolegs  and  the  etch  holes  is  210  pan. 


W.  Glatz  et  al.  /  Sensors  and  Actuators  A  132  (2006)  337-345 


343 


Table  2 


Comparison  of  different  published  micro  thermoelectric  generators  with  the  demonstrator  presented  in  this  paper  and  a  planed  device  of  which  the  predicted 
performance  was  calculated  with  the  introduced  general  model 


Group 

Infineon 

MicroPelt 

ETH 

Ref.  [5] 

Ref.  [7] 

Model 

Demonstrator 

Material/process 

Bi-CMOS  poly-Si  thermocouples, 

Dry  etched  sputtered  BiTe 

Electroplating  of  BiTe 

Electroplating  of  Ni-Cu 

microcavities  for  thermal  insulation 

wafer  soldered  onto  each 

other 

TCs  into  polymer  mold 

TCs  into  polymer  mold 

Thermocouple  material 

p-n  poly-Si 

p-n  Bi2Te3 

p-n  Bi2Te3 

Cu,  Ni 

Seeback  coefficient  (fxV  K-1) 

160 

-340 

400 

20.6 

Thermal  conductivity  [W  m-1  K-1] 

31 

1.5 

Cu,  401;  Ni,  90.7 

Specific  resistance  (£2  m) 

1  x  10-5 

Cu,  1.73  x  10-8;  Ni, 

7.2  x  10“8 

Leg-length  (|Jim) 

18.5 

20 

110 

150 

Inactive/active  area 

1.5 

6.3 

Integration  (TCs/cm2) 

225400 

1080 

2310 

183 

Specific  contact  resistance  (£2  m2) 

~9.3  x  10“u 

-5  x  10-11 

6.4  x  10-11 

6.4  x  10-11 

Internal  resistance  (£2/cm2) 

29  x  106 

-800 

655 

5.96 

Efficiency  factor  (jxW  K-2  cm-2) 

0.0426  (poly-Si);  0.0352 
(poly-SiGe) 

65a 

96 

0.833 

Number  was  calculated  from  data  given  in  the  reference. 


contact  resistances  and  the  material  of  the  thermocouples.  The 
optimum  for  Ni-Cu  thermocouples  would  be  a  length  of  around 
3  cm,  which  is  out  of  range  for  a  micromachining  approach.  But 
for  the  projects  long  term  target  design  with  thermocouples  made 
of  BiTe  the  optimal  length  is  in  the  range  of  1 10  pim,  assuming 
thermal  contact  resistances  on  both  sides  of  the  device  can  be 
reduced  to  1 .0  K/W.  Table  2  list  all  other  material  properties  that 
are  relevant  for  the  introduced  model.  The  listed  values  are  taken 
from  literature  [3,11]  and  will  be  independently  determined  in 
later  experiments. 

5.  Measurements 

The  fabricated  devices  are  tested  and  characterized  with  the 
measurement  setup  depicted  in  Fig.  12.  The  temperature  dif¬ 


ference  and  range  can  be  adjusted  via  two  PID  controller  units 
driving  a  hot  plate  and  a  Peltier  cooler,  respectively.  Fig.  13 
shows  the  output  power  of  the  (jlTEG  as  function  of  the  measured 
temperature  difference.  The  tested  device  had  51  thermocou¬ 
ples  with  a  height  of  150  zb  10  p,m  on  a  surface  of  0.26  cm2. 
The  internal  resistance  of  the  generator  was  1.55  d=  0.02  £2.  This 
value  corresponds  to  a  low  contact  resistance  between  ther¬ 
molegs  and  interconnects  of  7.5  x  10-3  Q.  The  importance  of 
low  contact  resistance  may  be  directly  derived  from  the  thermo¬ 
electric  model  and  from  analyzing  other  groups’  results  as  can  be 
seen  in  Table  2.  The  experiment  was  recorded  with  a  load  resis¬ 
tance  of  1.734  ±  0.001  £2.  The  results  were  compared  with  the 
analytic  model  described  above.  The  model  accounts  for  ther¬ 
mal  losses  due  to  the  thermal  resistances  Kn  =  6.5  =b  0.2  K/W 
and  Kq  =  17.7  ±  1.0  K/W  between  the  location  of  the  tem- 


Fig.  12.  Schematic  of  measurement  set-up.  The  temperature  difference  Armeas  is  measured  between  points  A  and  B.  The  temperature  difference  across  the 
thermoelectric  generator  ATq  is  unknown  but  can  be  determined  if  the  thermal  resistances  Kyi,  Kq,  Kq  are  calculated  from  the  geometry  and  the  material  parameters 
of  the  set-up  and  the  device,  respectively. 
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Fig.  13.  Measured  and  calculated  power  output  per  area  of  thermoelectric  gen¬ 
erator  in  dependence  of  the  measured  temperature  difference  and  the  calculated 
temperature  drop  over  the  TEG  according  to  Fig.  11.  The  offset  at  AT=0K 
for  the  experimental  result  is  due  to  the  uncertain  temperatures  at  the  generator 
surfaces. 

perature  probes  and  the  generator  surface.  These  resistances 
are  big  compared  to  the  thermal  resistance  of  the  generator 
Kq  =  0.17  ±0.02K/W  so  that  the  temperature  difference  over 
the  device  is  by  a  factor  of  ~  150  smaller  for  the  given  configura¬ 
tion.  The  model  is  in  good  accordance  with  the  experiment.  The 
[xTEG  generated  a  power  of  12.0  zb  1 . 1  nW/cm2  for  a  Armeas  of 
20  K  or  ATq  of  0.12  K. 

6.  Conclusion 

We  have  presented  and  analyzed  a  model  for  vertical  ptTEGs. 
According  to  the  analysis  the  output  power  per  area  is  indepen¬ 
dent  of  the  number  of  the  thermolegs  and  of  their  cross-sectional 
area.  Instead  it  depends  just  on  the  ratio  of  the  cross  sectional 
areas  of  insulation  and  thermolegs  and  of  the  length  of  the 
thermolegs.  The  power  shows  a  maximum  for  a  certain  thermo¬ 
couple  length  depending  on  the  other  parameters.  In  the  range 
around  optimum  performance  the  power  per  area  increases  when 
the  above-mentioned  ratio  of  insulation  to  active  material  is  min¬ 
imized.  Hence  the  insulation  area  around  the  thermolegs  should 
be  minimized  and  the  cros sectional  area  of  the  thermoleg  should 
be  maximized  keeping  in  mind  the  voltage  need  of  the  applica¬ 
tion  and  the  area  allocated  for  the  generator.  Larger  cross  sections 
of  the  thermolegs  facilitate  achieving  low  contact  resistances 
which  increases  the  power  output.  In  addition  the  requirements 
for  the  photolithographic  patterning  are  reduced  yielding  lower 
fabrication  costs.  For  given  material  and  interfaces  the  generator 
may  be  tuned  to  optimum  performance  through  the  leg  length. 
Assuming  BiTe  thermocouples  and  realistic  thermal  interfaces 
the  optimal  leg  length  is  in  the  range  of  80-150  p,m.  We  suc¬ 


cessfully  demonstrated  a  new  fully  integrated  process  flow  for 
low  cost  fabrication  of  flexible  p,TEGs  in  that  range  of  thick¬ 
ness.  First  experimental  results  are  in  good  accordance  with  the 
model.  By  replacing  Ni-Cu  thermocouples  by  electrochemically 
deposited  BiTe  [12]  the  generator  performance  may  be  pushed 
to  96  pW  K-2  cm-2  as  can  be  seen  in  Table  2.  This  table  com¬ 
pares  the  TEGs  of  different  groups  to  the  demonstrator  presented 
and  a  planned  device  for  which  the  expected  performance  was 
calculated  with  the  introduced  model  and  the  listed  material 
parameters.  Substituting  SU-8  by  another  polymer  may  also 
increase  flexibility  if  necessary  for  the  application  of  p,TEGs 
on  surfaces  with  high  curvature. 
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